Butyrivibrio fibrisolvens is the most active bacterial species in the biohydrogenation of polyunsaturated fatty acids (PUFA) in the rumen. It needs to remove the unsaturated bonds in order to detoxify the PUFA to enable the growth of the bacterium. Here, we investigated the response of cell membrane-associated proteins in B. fibrisolvens to growth in the presence of PUFA. Numerous changes were observed in the cell membrane-associated proteome. One of the main modifications occurring when the 18:2 fatty acids, linoleic acid and conjugated linoleic acid, were added, was an increased expression of the molecular chaperone GroEL.
Introduction
Butyrivibrio fibrisolvens was identified many years ago to undertake biohydrogenation of fatty acids in the rumen (Polan et al., 1964) and to form conjugated linoleic acids (CLA) as intermediates in the process (Kepler et al., 1966) . Although a few studies have examined the toxicity of saturated fatty acids, oleic acid and other lipids to ruminal bacteria (Henderson, 1973; Marounek et al., 2002) , none has related polyunsaturated fatty acids (PUFA) toxicity and biohydrogenation. The present study was undertaken to investigate the major changes in the cell membrane-associated proteins in response to linoleic acid (LA) in the growth medium, in order to identify proteins involved in the stress response and/or in the detoxification process.
Materials and methods

Bacteria and growth conditions
Butyrivibrio fibrisolvens JW11 was originally isolated from sheep as a proteolytic species (Wallace & Brammall, 1985) , and is held in the culture collection maintained at the Rowett Research Institute. All transfers and incubations were carried out under O 2 -free CO 2 and at 39 1C in Hungate-type tubes (Hungate, 1969) . Inoculum volumes were 5% (v/v) of a fresh culture. The medium used in these experiments was the liquid form of M2 medium (Hobson, 1969) . Fatty acids were prepared as a separate solution, sonicated for 4 min in water and added to the medium before autoclaving. The growth of bacteria was measured from the increase in optical density at 650 nm compared with uninoculated control tubes, in triplicate, using a Novaspec II spectrophotometer (Amersham Biosciences, UK).
Preparation of membrane-associated proteins from B. fibrisolvens JW11
Cultures (600 mL) of B. fibrisolvens JW11 were grown in M2 or M2 containing 50 mg LA mL À1 or 50 mg CLA mL À1 until an optical density at 650 nm of 0.6 was reached. The cells were then harvested by low-speed centrifugation (5000 g, 10 min, 4 1C) and washed twice with 50 mM Tris HCl buffer, pH 7.5. The washed cells were then resuspended in 60 mL of 50 mM Tris HCl buffer, pH 7.5, and broken by sonication (four times 60 s with 90-s intervals, on ice). Unbroken cells were removed by centrifugation (5000 g, 10 min, 4 1C). Membrane-associated proteins were recovered in the pellet formed by centrifugation (40 000 g, 1 h, 4 1C) and then stored at À 20 1C until further analysis. Triplicate cultures were used to prepare membrane-associated proteins. The repeatability of the protein extraction procedure was validated by two-dimensional polyacrylamide gel electrophoresis (2D-PAGE) of protein extracts.
Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and 2D-PAGE of membrane-associated proteins from B. fibrisolvens JW11 grown in the presence of 18:2 fatty acids
The proteins contained in the pellet were analysed by SDS-PAGE, following a modification of the Laemmli method.
The pellet was first resuspended in SDS loading buffer (final concentration: 50 mM Tris HCl, pH 6.8, 100 mM dithiothreitol, 2% SDS, 10% glycerol, 0.1% bromophenol blue) and the proteins were denatured by boiling for 10 min before applying to the gel. Molecular masses were estimated by comparison with molecular mass standards (Mark 12 TM , MW Standard, Invitrogen, Paisley, UK). The stacking gels and separating gels used were 4%T and 10%T, respectively (T represents the total on a weight/volume basis of acrylamide and cross-linker used). The gels were then stained with Coomassie blue R-250. Triplicate gels were run for each protein preparation.
The membrane-associated proteins were also run on 2D-PAGE in order to allow their identification. Membranecontaining pellets were resuspended in a rehydration buffer containing 9 M urea, 4% (w/v) CHAPS, 0.5% (v/v) Pharmalytes (Pharmalytes 3-10; Amersham Pharmacia Biotech, Piscataway, NJ) and 20 mM dithiothreitol and left at room temperature for 1 h with occasional mixing. Insoluble materials were removed by centrifugation (15 000 g, 1 h, 4 1C). The protein concentration of each sample was determined by using the Bio-Rad Protein Assay Kit I, following the protocol for modified Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, CA). Aliquots of the solubilized proteins (50 mg) were applied to Immobiline IPG strips (7 cm; pH range, pH 4-7; Amersham Pharmacia Biotech). The 2D-PAGE were then run as described by Devillard et al. (2004) . Following electrophoresis, the gels were stained with Coomassie blue R-250. Triplicate gels were run for each protein preparation.
Identification of membrane-associated proteins by mass spectrometry (MS)
Peptide mass fingerprints and sequence tags were obtained for the proteins of interest by spot (or band) extraction, hydrolysis and analysis using a MassPrep analytical station (MicroMass, Manchester, UK). Tryptic peptides were spotted on to a matrix-assisted laser desorption ionization (MALDI) target plate (Teflon 2 Â 96 plate; Applied Biosystems, Warrington, Cheshire, UK) mixed with recrystallized a-cyano-4-hydroxycinnamic acid in acetonitrile-watertrifluoroacetic acid (70 : 30 : 0.1), and dried before acquisition of spectra with an Applied Biosystems Voyager DE PRO MALDI-time of flight (TOF) instrument. The machine was calibrated with a peptide standard (Laser Biolabs, SophiaAntipolis, France). Samples from 2D-PAGE gels were analysed using a nano LC system [LC Packings, Camberly, Surrey, UK] consisting of an 'Ultimate' nano LC system. The nanocolumn was a C18 PepMap 100, 15 cm Â 75 mm i.d., 3 mm, 100 Å [LC Packings, Dionex (UK) Ltd, Surrey, UK]. The analysis was carried out as described by Drew et al. (2005) .
The peptide profiles were analysed using the Mascot program available on the Expasy Proteomics Tools web site (http://ca.expasy.org/tools/#proteome). Peptide sequence identities were carried out using the search for short and nearly exact matches program of the BLAST sequence program (http://www.ncbi.nlm.nih.gov/BLAST/).
Results
An experiment was carried out to investigate changes in membrane-associated proteins of B. fibrisolvens JW11 that might be caused by the addition of fatty acids to the medium. Comparing protein extracts from cultures grown in the absence or presence of fatty acids on SDS-PAGE, it appeared that numerous changes occurred in the protein profile. Several proteins were indeed under-or overexpressed following exposure to LA or CLA. However, one band at around 60 kDa was particularly affected by the treatment (Fig. 1) . The band was virtually absent from cells grown in the normal medium, but appeared on the protein profiles for the samples extracted from cultures grown in the presence of LA or CLA. In order to determine whether this band corresponded to a single protein and later sequence this protein, the same protein extracts were run on 2D-PAGE. As already observed on the SDS-PAGE, numerous changes occurred between the different growth conditions. At a molecular weight of 60 kDa, one spot was particularly strong when the cultures were grown in the presence of LA (Fig. 2) or CLA (results not shown). Indeed, the density of this spot was 6.9 and 5.5 higher for samples from cultures grown in the presence of LA and CLA, respectively, compared with samples from cultures grown in the absence of fatty acids. To confirm that this spot corresponded to the band observed on the SDS-PAGE, the mass spectra of the protein(s) contained in the band and in the spot were compared. Twenty-six and 31 masses (between 900 and 2200 Da) were obtained from tryptic peptides, respectively for the band and the spot. Fifteen masses were common to the two samples, confirming that the spot and the band contained the same unique protein. Its molecular weight and pI were estimated at 60 kDa and 5.0, respectively, and the protein was named P60 (Fig. 2) .
The identity of P60 was determined by MS. Firstly, MALDI-TOF analysis gave a list of 38 peptide masses, which were compared with the databases. Several hits were obtained, but the scores of the matches remained low. The best match was found with an acetyltransferase from Caulobacter crescentus. However, the theoretical molecular weight and pI (respectively, 26 kDa and 6.1) of this protein were different from those estimated for P60. To further identify P60, data from liquid chromatography (LC)-MS-MS analysis were used. In total, 20 peptide sequences were obtained, and were submitted to the Mascot program. Of the 20 peptides, eleven matched the sequence from the protein GroEL from Ruminococcus flavefaciens. These 11 sequence tags contained between seven and 15 amino acids (111 amino acids in total), covering more than 20% of the 542 amino acid residues of GroEL sequence. The distribution of the sequence tags on the GroEL sequence was also good, and covered all parts of the sequence (Fig. 3) . All the sequence tags showed high identity with the matching GroEL sequences (>75%), and most of them covered the conserved domains of GroEL. This suggests that P60 belongs to the same family of proteins as GroEL, a very conserved chaperonin protein family (Fig. 3) . GroEL has a theoretical molecular mass and pI (57 kDa and 5.0) close to those estimated on the 2D-PAGE for P60 (60 kDa and 5.0).
Discussion
The impact of biohydrogenation on the healthiness of the fatty acid profile in ruminant meats and dairy products is well established (Lawson et al., 2001; Scollan et al., 2001; Shingfield et al., 2003) . Thus, as biohydrogenation occurs primarily to remove the toxic effects of PUFA on B. fibrisolvens Maia, unpublished data) , the mechanism underlying fatty acid toxicity to B. fibrisolvens is relevant, ultimately, to human health. In order to investigate the first steps of the detoxification process, the proteins associated with the surface of the bacterial cell were studied. Our data indicated that several changes occur when B. fibrisolvens is cultivated in the presence of free fatty acids (LA or CLA). In particular, one protein was overexpressed and showed similarities to the molecular chaperone GroEL from the cellulolytic ruminal anaerobe, R. flavefaciens. The two major chaperone systems in bacterial cells (as typified by Escherichia coli) are the GroE and DnaK Fig. 3 . Alignment of the sequence tags from P60 (P60 ST) of Butyrivibrio fibrisolvens JW11 with the protein sequence of GroEL from Ruminococcus flavefaciens (Q6Y2F5 RUMFL, UniProtKB accession no. Q6Y2F5) and of other closely related chaperone protein sequences: Q4CFN3 CLOTM (Cpn60 from Clostridium thermocellum, UniProtKB accession no. Q4CFN3), CH60 CLOAB (Cpn60 from Clostridium acetobutylicum, UniProtKB accession no. P30717), CH60 THEBR (Cpn60 from Thermoanaerobacter brockii, UniProtKB accession no. Q60024) and CH60 BACHD (Cpn60 from Bacillus halodurans, UniProtKB accession no. O50305).
chaperonins (Ranson et al., 1998; Ben-Zvi & Goloubinoff, 2001 ). Molecular chaperones are expressed constitutively at low levels. Indeed, they are involved in numerous processes in bacterial cells, including assisting the folding of newly synthesized proteins, assisting in protein secretion, preventing aggregation of proteins on heat shock and repairing proteins that have been damaged or misfolded by stresses. The major signal for induction of the heat shock response is elevated temperature, but other stress factors have been reported to induce GroEL expression, including osmolarity, pH and ion limitations. In different bacteria, GroEL is induced by treatment with lipophilic molecules, such as herbicides (Cho et al., 2000) . GroEL also promotes the formation of pores in the membranes. Indeed, heat shock proteins promote the transport of proteins across biological membranes by holding them in a form suitable for membrane penetration. They induce calcein leakage from liposomes and also form ion-conducting pores in planar phospholipid bilayers (Alder et al., 1990) . Presumably, the toxic effect of LA elicits the same sort of response in B. fibrisolvens. Thus, the induced expression of GroEL is likely to be a nonspecific response to stress rather than a specific mechanism that enables B. fibrisolvens to escape from the toxic effects of PUFA, with the reductive metabolism of PUFA being the key response that enables B. fibrisolvens to recover and grow, particularly in animals grazing forages high in PUFA.
